Background and Purpose-Arterial stiffness, a risk factor of brain small vessel diseases (SVD), causes hemodynamic changes. Mechanical stresses, circumferential wall tension (WT), and shear stress (SS) may change with arterial stiffness and be related to SVD. We investigated the associations between mechanical stresses and arterial stiffness and SVD. Methods-A total of 1296 subjects without apparent cardiovascular diseases were recruited. Brachial-to-ankle pulse wave velocity (baPWV) was measured as an arterial stiffness index. Silent lacunar infarction and deep subcortical white matter hyperintensity were evaluated as SVD indices. Circumferential WT and SS at peak systole and end diastole were measured at the common carotid artery. Second peak of systolic blood pressure was obtained from the radial waveform and used as a central systolic blood pressure substitute. Results-baPWV was associated positively with WT (P<0.0001) and negatively with SS (P=0.0007) even after correction for confounding parameters including baPWV. SVD was associated with significantly higher WT (P<0.0001) and lower SS (P<0.0001). After adjustment for confounding parameters (including baPWV), second peak of systolic blood pressure WT (odds ratio, 
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rain small vessel disease (SVD) is becoming of increasing clinical interest owing to its associations with stroke and risk for cognitive decline. 1, 2 Arterial stiffness is considered an underlying mechanism for SVD. [3] [4] [5] [6] [7] For example, it was hypothesized that attenuation of arterial buffering properties results in persistent pulsatility flow and pressure in the cerebral arterioles, leading to small vessel injury. 8 In support, pulse wave velocity (PWV), an index for arterial stiffness, has been shown to be significantly associated with SVDs. [3] [4] [5] [6] [7] Arterial stiffness also causes other hemodynamic changes, including blood pressure (BP) and blood flow. 9 At the same time, aortic stiffness also affects central BP.
Although diastolic BP is nearly identical throughout the arterial tree, systolic BP (SBP) differs between peripheral and central locations because of the phenomenon of pulse pressure amplification, 10 where the brachial and radial SBP are higher than concurrently measured central aortic SBP. This pulse pressure amplification is influenced by arterial stiffness and augmentation by the reflected pressure wave. Early return of the reflected wave, which is observed in aged and stiffer arteries, can augment aortic SBP, whereas delayed return, which is observed in young and elastic arteries, does not. 9, 10 As a result, central SBP and pulse pressure is relatively higher in stiffer arteries compared with peripheral BP. Central BP is known to be more closely associated with end-organ damage and cardiovascular events compared with peripheral BP. 10, 11 However, to our knowledge, the local mechanical forces based on central BP have not been evaluated.
Local mechanical stress is also involved in the development of atherosclerosis. 12, 13 Circumferential wall tension (WT) and longitudinal shear stress (SS) are major mechanical stresses and cause acute and chronic changes in arterial function and structure. [12] [13] [14] [15] In the carotid artery, higher WT and lower SS are associated with carotid arterial remodeling. 16, 17 WT was suggested to cause stretching of the arterial wall resulting in arterial hypertrophy, whereas reduced SS causes endothelial
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In this context, we hypothesized that local mechanical stresses are associated with arterial stiffness and contribute to the development of arterial remodeling. Thus, we evaluated the relationship between PWV and local mechanical stresses in 1296 subjects. WT and SS were compared in subjects with and without SVD. We evaluated 2 forms of manifestations of SVD: silent lacunar infarction (SLI) and deep subcortical white matter hyperintensity (DSWMH). Peak systolic WT was obtained with central SBP as well as brachial SBP to determine whether the index with central BP was superior to that obtained with peripheral BP.
Methods

Subjects
Subjects were middle-aged to elderly persons recruited from consecutive visitors to the Anti-Aging Center at Ehime University Hospital between March 2006 and October 2011. The subjects attended a voluntary medical check-up program, Anti-Aging Doc, a program provided to residents of Ehime Prefecture, Japan, specifically designed to evaluate aging-related disorders, including atherosclerosis, cardiovascular disease, physical function, and cognitive impairment. 6, [18] [19] [20] [21] Of the 1526 consecutive patients initially approached, 1296 (mean age, 65.4±9.1 years) gave written consent to all procedures and had no history of symptomatic cardiovascular events including peripheral arterial disease, stroke, coronary heart disease, or congestive heart failure. All participants were functionally independent in their daily lives. The series of studies to which the present study belongs is in accordance with the Helsinki Declaration and were approved by the Ethics Committee of Ehime University Graduate School of Medicine.
SVDs on Brain MRI Examination
Brain MRI was performed with a 3-T scanner (Sigma Excite 3.0T; GE Healthcare, Milwaukee, WI). As a manifestation of SVD, SLI and DSWMH were evaluated in each subject. SLI was defined as areas of low signal intensity (3-15 mm diameter) on T1-weighted and fluidattenuated inversion recovery images and of high intensity on T2-weighted images. DSWMH was graded into 5 grades in accordance with Japanese guidelines. 22 Images were analyzed by 2 neurologists without clinical information on the subject. 6, 19 SVD was defined as the presence of SLI and the presence of DSWMH grade ≥3.
Pulse Wave Velocity
PWV was measured using a volume-plethysmograph (PWV/ankle brachial index; Omron Healthcare Co, Ltd, Kyoto, Japan). A detailed explanation of this device as well as the validity and reproducibility of its measurements have been provided elsewhere. 23 Brachial-to-ankle PWV (baPWV) was calculated from the time interval between the wave fronts of the brachial and ankle waveforms (ΔTba) and the path length from the brachium to the ankle. Path length from the suprasternal notch to the brachium (Lb) or ankle (La) was obtained using the following formulae: Lb=0.2195×height+2.0734; La=0.8129×height+12.328. baPWV was then obtained using the equation (La−Lb)/ΔTba. The intrameasurement reproducibility of baPWV in our laboratory was 2.1±1.8%, and between measurements it was 2.2±1.5%.
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Radial Waveform Analysis and BP Measurement
Radial waveform was analyzed in the left radial artery using an automated tonometric method (HEM-9000AI; Omron Healthcare Co, Ltd), with subjects in the sitting position after ≤5 minutes of rest. Brachial BP was measured simultaneously in the right brachium with an oscillometric device incorporated into the HEM-9000AI. The HEM-9000AI device was programmed to automatically determine the pressure against the radial artery to obtain the optimal arterial waveform. Second peak of SBP (SBP2) was calculated by calibration with the brachial SBP. The measurements were repeated twice and the mean values were obtained. SBP2 has been shown to accurately reflect transfer functionderived aortic SBP and was used as central SBP substitute. 6, 24, 25 Echo-Doppler Examination of the Carotid Arteries Carotid arteries were evaluated using an SSD-3500SV (Aloka Co, Ltd, Tokyo, Japan) with a 7.5-MHz probe equipped with a continuous-flow Doppler and phase-locked echo-tracking system. Internal diameters of the common carotid artery at end-diastole (Dd) and peaksystole (Ds) were measured. 16 Doppler evaluation was performed on the bilateral common carotid arteries at 1 cm proximal to the bulb and, if an abnormality including a plaque was present, upstream of the abnormality. Peak systolic flow velocity (Vs) and end-diastolic flow velocity (Ved) were obtained.
Determination of Mechanical Stresses
Wall Tension
WT was determined by Laplace low with the following equations. 16, 26, 27 End diastolic WT=diastolic BP×Dd/2. Peak systolic WT=SBP×Ds/2. Peak SBP2 WT=SBP2×Ds/2.
Shear Stress
The viscosity at shear rates of 104 and 52 per second was obtained by the following equation. 28, 29 Whole blood viscosity (104 per second) =(0.12*Ht)+(0.19*TP)−2.13 (cP). Whole blood viscosity (52 per se cond)=(0.14*Ht)+(0.22*TP)−2.60 (cP), where Ht is hematocrit (in %) and TP is plasma protein concentration (in g/dL). The regression Figure 1 . Scatter plots between brachial-to-ankle pulse wave velocity (baPWV) and peak systolic wall tension (WT), second peak of systolic blood pressure WT, end diastolic WT, peak systolic shear stress (SS), and end-diastolic SS. All associations are statistically significant. n=1294 in associations between baPWV and WT, and n=1197 in associations between baPWV and SS.
by guest on August 3, 2017 http://stroke.ahajournals.org/ Downloaded from between shear rate and viscosity was determined for each subject, because blood viscosity was shown to be linearly related to shear rate. The viscosity in situ, at both peak systolic shear rate and end diastolic shear rate, was calculated from the regression line between shear rate and viscosity for each subject.
In vivo wall shear rates were calculated with the use of a Poiseuillean parabolic model of velocity distribution across the arterial lumen based on the assumption of laminar blood flow, according to the following formula: shear rate (γ)=4×blood flow velocity in center/carotid arterial diameter. 16, 26 SS values were determined by multiplying the shear rate and viscosity, with the assumption that blood is a Newtonian fluid. Peak systolic SS and end-diastolic SS were obtained.
16,26
Evaluation of Risk Factors
Lifestyle, medical history, and prescribed drugs were evaluated by questionnaire. Anthropometric measurements were performed by a trained nurse. Venous blood was collected in the morning after >11 hours fasting for measurement of serum lipid and plasma glucose concentrations.
Statistical Analysis
Values are expressed as mean±SD unless otherwise specified. First, we examined for an association between baPWV and WT and SS. Further multiple regression analyses were performed to ascertain whether WT and SS were associated with baPWV independently of other possible confounding parameters. Second, subjects were categorized based on the presence or absence of SLI and the grade of DSWMH, grade 0 to 1, grade 2 and grade ≥3. Clinical background and mechanical stressesrelated parameters were compared among the SVD groups. Logistic regression analyses were performed to evaluate whether mechanical stresses were associated with the presence of SVD independently of confounding parameters including baPWV. Last, regression lines between BP and mechanical stresses were compared in subjects with and without SVD. Interactions between BP and the presence of SVD on mechanical stresses were evaluated. Differences in numeric variables between groups were assessed using ANOVA testing followed by Tukey correction for multiple comparisons, whereas differences in frequency were assessed using the χ 2 test. Corrections for confounding parameters were made using these parameters in multiple regression analyses. All analyses were performed using commercially available statistics software (JMP version 10.0; SAS Institute, Cary, NC), with P<0.05 considered statistically significant.
Results
Association Between baPWV and Mechanical Stresses
The relationships between baPWV and carotid mechanical stresses in the total population are summarized in Figure 1 . Even after adjustment for possible confounding parameters including BP, WTs showed positive and SSs showed negative associations with baPWV (Table I in the online-only Data Supplement).
Clinical Characteristics of Subjects With Brain SVDs
Clinical characteristics of subjects with and without SVD are summarized in Table II in the online-only Data Supplement. SLI was observed in 13% and DSWMH grade ≥3 in 8% of Figure 2 . Mechanical stresses in subjects with and without silent lacunar infarction (SLI) and in subjects divided into 3 groups based on the severity of deep subcortical white matter hyperintensity (DSWMH). Peak systolic wall tension, second peak of systolic blood pressure (SBP2) wall tension, end-diastolic wall tension, peak systolic shear stress, and end-diastolic shear stress are illustrated. All mechanical stresses are statistically different among groups of small vessel diseases. Number in the column indicates number of subjects.
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Mechanical Forces in Subjects With Brain SVDs
Mechanical stresses in subjects with and without SVD are summarized in Figure 2 . Both SLI and DSWMH showed significantly higher WT. By contrast, SVD was associated with significantly lower SS in both peak systole and end-diastole ( Figure 2 ).
Logistic Regression Analyses for Brain SVDs
Independent association of mechanical stresses with the presence of SVD was further analyzed by logistic regression analyses (Table) . After adjustment for all possible confounding parameters, peak SBP2 WT and end-diastolic WT, but not peak systolic WT, were independently and significantly associated with the presence of SLI, whereas SS was associated with the presence of DSWMH grade ≥3.
Interaction Between BP and Brain SVDs on Mechanical Forces
We further compared the relationship between BP and mechanical stresses between the presence and absence of SVD. In a multiple regression analyses including all confounding parameters and interaction between SBP2 and the presence of SVD, the SBP2-related increase in WT was significantly higher in subjects with SVD ( Figure 3 ; Table IV in the online-only Data Supplement). Similar findings were also observed in SBP and diastolic BP (Tables V and VI in the online-only Data Supplement).
Discussion
In the present study, we found that baPWV was significantly and positively associated with circumferential WT and negatively related to SS. Two forms of manifestation of brain SVD, SLI and DSWMH, were associated with alteration of WT and SS. After adjustment for all possible confounding parameters, wall stresses were independently associated with SLI, whereas SS was a significant determinant of the presence of DSWMH grade ≥3. Regression lines between BP and WT were significantly steeper in subjects with SVD, indicating that the effect of BP on mechanical forces was more potent in subjects with SVD. To our knowledge, this is the first report of an association between mechanical stresses and arterial stiffness and SVD in a large general population. Close associations between higher PWV and brain SVD have been reported in many cross-sectional and longitudinal studies, [4] [5] [6] [7] indicating a causal role of arterial stiffness in development of SVD. 4 In the present study, we investigated a possible association between local mechanical stresses and arterial stiffness, because these stresses also play pivotal roles in the development of atherosclerosis.
WT is increased by elevation of BP and arterial dilatation and is reduced by arterial wall thickening. 12, 13 SS is increased by elevation of blood flow and blood viscosity, but decreased by arterial dilatation. 12 In general, high SS causes vessel dilatation and atheroprotection through endothelial stimulation. In the chronic phase, an alteration in mechanical stresses causes arterial remodeling. 12 In association with an elevation of PWV, blood flow and BP increase during systole and decrease during diastole. Because higher WT and lower SS are assumed to be atherogenic, [12] [13] [14] [15] [16] [17] peak systolic WT and end-diastolic SS may underlie the association between baPWV and atherosclerosis. In fact, in the present study, simple correlation coefficients with baPWV were significantly higher for systolic WT (r=0.58 for SBP; r=0.55 for SBP2) than for diastolic WT (r=0.43; P<0.0001). By contrast, SS was more strongly associated with baPWV at end-diastole (r=−0.36) than at peak systole (r=−0.25) (P<0.01). These findings indicate that hemodynamic changes related to the development of arterial stiffness deteriorate the profile of focal mechanical stresses.
In the Prospective Study of Pravastatin in the Elderly at Risk (PROSPER) study evaluation of SVD and SS in 329 subjects, Model 1: no correction; model 2: corrected for age, sex, body mass index, total cholesterol, high-density lipoprotein cholesterol, triglyceride, glucose, immunoreactive insulin, brachial-to-ankle pulse wave velocity, use of antihypertensive drugs, antidyslipidemic drugs, antidiabetic drugs, and current smoking. n=1294 for wall stresses. n=1197 for shear stress. CI indicates confidence interval; DSWMH, deep subcortical white matter hyperintensity; OR, odds ratio; SBP2, second peak of systolic blood pressure; and SLI, silent lacunar infarction.
by guest on August 3, 2017 http://stroke.ahajournals.org/ Downloaded from diastolic SS was found to be associated with SVD. 30 In the present study, we extend these findings to show that SVD is associated with mechanical forces including WT in a larger population. In our population, both WT and SS were significantly associated with SVD. Interestingly, significant associations persisted after adjustment for confounding parameters including baPWV, indicating that mechanical forces were related to SVD independently of arterial stiffness. After correction for confounding parameters, WT was associated with SLI, whereas SS was associated with DSWMH. Because both SLI and DSWMH are clinical manifestations of SVD, the cause of the dissociation between the 2 indices remains unknown. Recently, DSWMH was reported to be genetically different from SLI, 19, 31 indicating that these 2 conditions have different pathophysiological backgrounds. The present findings may support these etiologic differences between SLI and DSWMH. 32, 33 Endothelial dysfunction and consequent blood brain barrier injury was suggested to be related to SVD, especially to white matter hyperintensity 34 ; this mechanism may connect low SS to white matter hyperintensity. WT affects not only the endothelium but also the entire vasculature including smooth muscle cells. In the present study, we evaluated SBP2 WT in addition to peak systolic WT determined by brachial SBP. After adjustment for confounding parameters, both SLI and DSWMH were more closely related with SBP2 WT than peak systolic WT, indicating that central BP measurement may be useful for the determination of systolic WT. We also compared the regression lines between mechanical stresses and BP in subjects with and without SVD. The interaction between BP and SVD was statistically significant for WT (Figure 3) , indicating that more strict control of BP would be necessary to normalize WT in subjects with SVD.
Morphological changes such as dolichocarotid have been shown to be associated with end-organ damage. 35, 36 It was reported that peak systolic velocity was not different at the outlet of the carotid abnormality among kinking, coiling, and tortuosity, 37 and we avoid any morphological abnormality in measuring flow velocity. However, we could not completely rule out the possibility that the presence of dolichocarotid could affect the local hemodynamic alterations, because we did not evaluate longitudinal carotid arterial morphological abnormalities.
There are several other limitations of our study. Blood viscosity was not directly measured, but rather obtained with an approximation formula. However, parameters affecting viscosity (eg, hemoglobin and total protein) were similar among the SVD groups, and SS was predominantly determined by blood velocity and carotid dimension, which were directly measured. The cross-sectional nature of our study did not allow us to determine causality. The mechanisms linking baPWV and mechanical stresses and brain SVD are beyond the scope of the present study and will be addressed in future longitudinal observations. In summary, arterial stiffness was associated with alteration of mechanical stresses, high circumferential WT, and low SS in the carotid artery. These changes in mechanical stresses were associated with brain SVD, partly independent of arterial stiffness.
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